Background: Cervical carcinomas comprise two main histopathologic types, squamous cell carcinomas and adenocarcinomas. Human papillomavirus (HPV) infections are causative for both types but the respective tumors may have different carcinogenic pathways. Methods: To assess potential etiologic heterogeneity of cervical cancer by histopathologic type, we examined invasive squamous cell carcinomas and adenocarcinoma cervical cancer incidence rates in the National Cancer Institute's Surveillance, Epidemiology, and End Results database. We complemented standard descriptive epidemiology with comparative age-period-cohort (APC) models fitted to each histopathologic type. Results: Squamous cell tumors (n = 25,219) were nearly 5-fold more common than adenocarcinomas (n = 5,451). Age-adjusted incidence trends decreased for squamous cell carcinomas but increased for adenocarcinomas. Cross-sectional age-specific incidence rates increased more rapidly for squamous cell carcinomas than
Introduction
Carcinomas of the uterine cervix fall in two major histopathologic types, squamous cell carcinoma and adenocarcinoma (glandular), accounting for f99% of cervical carcinomas. Although the human papillomavirus (HPV) is causative for both, epidemiologic studies suggest that these two histopathologic types may differ by risk factor profiles (1) (2) (3) (4) (5) , patterns of detection by screening (6, 7), incidence rate trends (8) (9) (10) , clinical characteristics (11) , and outcomes (12) (13) (14) . Therefore, to evaluate further potential etiologic differences by histopathologic type, we systematically examined incidence rate patterns for invasive squamous cell carcinomas and adenocarcinomas in the National Cancer Institute's Surveillance, Epidemiology, and End Results (SEER) program.
We complemented standard descriptive epidemiology with age-period-cohort (APC) models, which simultaneously adjusted incidence rates for age at diagnosis, year of diagnosis (calendar period), and year of birth (birth cohort). In brief, divergent age-specific effects for squamous cell carcinomas and adenocarcinomas would suggest that age-associated carcinogenic events and/or exposures differ by the two tumor types. Differential calendar period effects would imply different patterns of case ascertainment due to screening and/or changing diagnostic patterns, while differential birth cohort effects would suggest that risk factor profiles vary from one generation to the next.
Standard APC models have been widely used to model trends for individual sets of data (15) . For this study, we formally compared the incidence rates for the two types of cervical cancers using a comparative APC approach with tests for the statistical significance of differential time trends and age at onset curves.
newly diagnosed during the years 1976 to 2005 (SEER 9; 1976 and covering f10% of the U.S. population (16) . The 9 Registries of SEER are Atlanta, Connecticut, Detroit, Hawaii, Iowa, New Mexico, San FranciscoOakland, Seattle-Puget Sound, and Utah. Demographic and tumor characteristics included histopathologic type, year of diagnosis, age at diagnosis, Black and White race, and SEER historic stage A. Histopathologic tumor types were defined using the International Classification of Diseases for Oncology 3rd edition (ICD-O 3) of the WHO (17) . More than 98% of all cervical carcinomas in SEER were microscopically confirmed. Data were stratified by the two main histopathologic types for cervical carcinoma, squamous cell carcinoma (ICD-O 3 codes 8050-8130) and adenocarcinoma (ICD-O 3 codes 8140-8490; refs. 18, 19) . We excluded other histopathologic types from this analysis (n = 4,406 of 35,076 cervical cancers overall; Table 1 ). Age at diagnosis included fourteen 5-year age groups (ages [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] , . . . 80-84 y). Year of diagnosis was stratified into six 5-y time periods (1976-80, 1981-1985, 1986-1990, 1991-1995, 1996-2000, and 2001-2005) . The historic stage A of SEER classified local disease as confined to the cervix uteri, regional disease as a direct extension to nearby surrounding areas, and distant disease as systemic metastases.
Statistical Methods. Age-adjusted (2,000 US standard population) incidence rates were calculated per 100,000 woman-years (or women per year). Relative risks were expressed as incidence rate ratios, where squamous cell carcinomas were compared with adenocarcinomas with an assigned incidence rate ratio of 1.0. Incidence rate ratios were tested for statistical significance at the 95% confidence level; all tests were two sided. Percentage changes (%CH) in incidence were calculated from the first 5-year time-period (1976) (1977) (1978) (1979) (1980) to the last timeperiod and tested for statistical significance at the 95% confidence level using the y method (20) .
Age-adjusted temporal trends were plotted on a log y and linear x scale by six 5-year time-periods, such that an angle of 10 degrees portrayed a rate change of 1% per year (21) . Using a similar aspect ratio, age-specific incidence rates were plotted on a log-linear scale by 5-y age groups. We used Poisson regression models to examine trend and age interactions by histopathologic type on cervical cancer incidence rates, as previously described (22) . For example, under the null hypothesis of no age interaction by histopathologic type, the agespecific incidence rate curves for squamous cell and adenocarcinomas would be parallel on the log-log scale or proportional on the absolute scale. Statistically significant trend or age interactions implied nonproportional incidence rates by histopathologic type over time or across age, respectively, consistent with cancer etiologic heterogeneity.
APC models were used to simultaneously adjust incidence rates for age, period, and cohort effects by histopathologic type. Given the APC relationship, (year of birth or birth cohort) = (year of diagnosis or calendar period) À (age at diagnosis), we had a maximum of nineteen 5-y birth cohorts calculated from our six 5-y calendar periods and fourteen 5-y age groups. Because the APC variables are collinear, it is impossible to determine the independent or separate effects for age, calendar period, or birth cohort, producing the so-called ''nonidentifiability'' problem of APC models. Notwithstanding this well-established nonidentifiability issue, certain APC parameters can be estimated if the age, (25) , and ''slope contrasts'' (26) . APC deviations reflected the nonlinear departures from their respective linear trends. Net drift is the linear trend in the logarithm of the age-specific rates over time and is equal to the summation of the period and cohort slopes, i.e., (p L + c L ), where p L and c L are the linear trends for calendar period and birth cohort, respectively. The net drift parameter is estimable (identifiable), although the constituent components p L and c L are not. Therefore, differences in the net drifts by histopathologic types assessed differential secular trends between squamous cell and adenocarcinomas, controlling for cohort and period deviations. Another type of drift parameter is the longitudinal age trend. The longitudinal age trend is the linear trend in the logarithm of the age-specific rates across age and is equal to the summation of the age and period slopes, i.e., (a L + p L ), where a L and p L are the linear trends for age and period, respectively. Similar to net drift, the longitudinal age trend is identifiable, although the constituent components a L and p L are not. Differences in the longitudinal age trends were used to test for differential age-related effects for the study period.
Another useful APC function is the ''fitted'' age-atonset curve, as recently introduced (27) :
The parameter q i reflects the age-specific incidence rate curve after adjustment for calendar period and birth cohort deviations, and approximates the true age-specific incidence rate curve devoid of period and/or cohort effects. In this model, l is the intercept term, (a L + k L ) is the longitudinal age trend, and ã i is the age deviation over interval i.
Results
Descriptive Statistics. Mean and median ages at diagnoses were nearly identical for squamous cell carcinomas and adenocarcinomas, Table 1 (P difference = 0.137). Overall incidence rates were 5-fold more common for squamous cell tumors (n = 25,219) than for adenocarcinomas (n = 5,451). In fact, rates were greater for squamous cell carcinomas than adenocarcinomas for all demographic and tumor characteristics (incidence rate ratio SA , >1.0). For both histopathologic types, the majority of cases were either local or regional stage. Incidence rates for squamous cell tumors were approximately twice as high for Blacks than Whites (12.10 versus 6.34 per 100,000 woman-years), whereas adenocarcinoma incidence rates were roughly equal for Blacks and Whites (1.47 and 1.52 per 100,000 woman-years, respectively).
Age-adjusted temporal trends decreased for squamous cell carcinoma but increased for adenocarcinoma with a statistically significant trend interaction by histopathologic type (P < 0.001 for trend interaction by histopathologic type; Fig. 1A) . Consequently, squamous cell carcinoma incidence rates declined 51% [95% confidence interval (95% CI), À54% to À49%] from 1976-1980 to [2001] [2002] [2003] [2004] [2005] (Table 2A) . By comparison, incidence rates for adenocarcinoma increased 25% (95% CI, 23 -27%) during the same time period (Table 2B) . Adenocarcinoma rates rose for all demographic and tumor characteristics, with exception of ages 60+ years (À10%CH; 95% CI, À12% to À9%) and Black race (À6%CH; 95% CI: À7% to À5%).
We also observed differential age-specific incidence rates by histopathologic type (P < 0.001 for age interaction by histopathologic type; Fig. 1B ). For example, incidence rates rose rapidly for squamous cell tumors prior than age 40 years then flattened, whereas rates for adenocarcinomas rose more slowly before flattening. Given the statistically significant interactions over time (Fig. 1A ) and across age (Fig. 1B) , we used APC models to further assess the secular and age-related effects by histopathologic type.
APC Models. The APC summary results for squamous cell carcinoma and adenocarcinoma are shown in Fig. 2A to E. There were significant age, period, and cohort deviations for both squamous cell carcinomas and adenocarcinomas (Fig. 2B, C , and E, respectively). However, highly statistically significant differences between the deviations for the 2 histopathologic types were detected only for age (P = 2.82 Â 10 À6 ). There was less difference for the period deviations (P = 0.05) and birth cohort (P = 0.01) deviations. In addition to significant differences between age, period, and cohort deviations, there was striking heterogeneity for the longitudinal age trends and net drifts ( Fig. 2A and D,  respectively) .
On a logarithmic scale (Fig. 2D) , net drift decreased a negative 0.033 per year of calendar-time (95% CI, À0.040 to À0.025) for squamous cell carcinomas but rose 0.013 Figure 1 . Incidence rates by histopathologic type (SEER 9; 1976 . A. Age-adjusted temporal trends among squamous cell carcinomas and adenocarcinomas, P value of <0.001 for trend interaction by histopathologic type. B. Age-specific incidence rates among squamous cell carcinomas and adenocarcinomas, P value of <0.001 for age interaction by histopathologic type. per year (95% CI, 0.007-0.019) for adenocarcinomas. On a linear scale, net drift for squamous cell carcinomas decreased at an average rate of 3.20% per year of calendar time. Conversely, the incidence for adenocarcinomas rose at a rate of 1.29% per year. The corresponding Wald test for net drift was highly significant (Â 2 = 87.7, P = 0 for the null hypothesis of no difference), suggesting nonproportional (heterogeneous) secular trends by histopathologic type.
Similarly, we observed substantially different longitudinal age trends by histopathology ( Fig. 2A) . On a logarithmic scale, the longitudinal age trend rose 0.014 per year of attained age (95% CI, 0.011-0.017) for squamous cell carcinomas and 0.055 (95% CI, 0.050-0.060) for adenocarcinomas. The difference between these trends was highly significant (Wald test Â 2 = 175.5; P = 0), consistent with differential natural histories described by nonproportional age at onset curves for the two tumor types.
Overall, these results strongly posit that squamous cell carcinoma and adenocarcinoma were nonproportional (heterogeneous or different) over time and age, as further highlighted by the joint net drifts and longitudinal age trends (Fig. 3) . Both longitudinal age trends and net drifts were less for squamous cell carcinomas than adenocarcinomas in Fig. 3A , consistent with Fig. 2A and D . We saw similar patterns, by histopathologic type within race and stage ( Fig. 3B and C, respectively) . That is, both longitudinal age trends and net drifts were less for squamous cell carcinomas than adenocarcinomas irrespective of race (Fig. 3B) or stage (Fig. 3C) .
Distinctly different age-specific effects and secular trends also were shown by the APC fitted age-at-onset curves and by the APC fitted age-specific temporal trends (Fig. 4A-C) . The fitted age-specific incidence rates for squamous cell tumors that were adjusted for period and cohort effects peaked near age 40 years then fell steadily (Fig. 4A) , whereas the fitted age-at-onset curve rose continuously for adenocarcinomas, albeit at a slower rate after age 40 years. Decreasing age-specific incidence rates for squamous cell carcinomas and rising rates of adenocarcinomas eventually converged near age 80 years. Squamous cell carcinoma incidence rates declined over time for all age groups (Fig. 4B) . In contrast, adenocarcinoma incidence rates increased or were stable for all age groups (Fig. 4C) .
Discussion
Standard descriptive techniques and comparative APC analysis showed distinct secular and age-related patterns in cervical carcinoma incidence according to histopathologic type. Differential secular trends are concisely quantified by the divergent net drifts (Fig. 2D) , and also manifested in the age-specific temporal trends (Fig. 4B-C) . Indeed, whereas standard APC models often focus on period and cohort deviations ( Fig. 2C and E) , this comparative APC analysis identified far more striking and statistically significant differences in the linear trends for period and cohort (i.e., net drifts).
Additionally, the findings of differential longitudinal age trends and age deviations ( Fig. 2A and B ) support a differential age-related natural history for squamous cell carcinoma and adenocarcinoma. The APC fitted age-atonset curve combines these two distinct parameters to reconstruct a ''natural history'' adjusted for period and cohort factors (Fig. 4A) .
The sharp increase and decrease of the fitted age-atonset curve for squamous cell tumors suggests an agedependent risk factor profile because susceptibility increases with age then wanes. Incidence rates may increase initially due to increasing HPV exposure early in reproductive life, and rates may decline later in life due to age-related reductions in HPV exposure, increased immunity to HPV, cervical epithelial atrophy, hormonal changes, and other unknown factors. Studies in E6/E7-expressing transgenic mice have shown that estrogen is required for carcinogenesis in the cervicovaginal epithelium (28); estrogen-dependent carcinogenesis is consistent with the sharp decrease in the APC fitted age-at-onset curve for squamous cell carcinoma in postmenopausal women. In contrast to the age-dependent pattern for squamous cell carcinomas, adenocarcinomas incidence rates increase continuously with aging, consistent with a long-term multihit carcinogenic process (29) .
However, an important caveat is that an APC fitted age-at-onset curve can only describe an ''apparent'' agerelated natural history. In our analysis, the two typespecific curves differed primarily in the linear trends of the age-specific log rates more so than in the age deviations. Hence, it is theoretically possible that a portion of the difference between the fitted curves is the consequence of equal and opposite latent linear trends in calendar period effects. Such trends might reflect differential period trends in diagnostic specificity, case ascertainment, etc. We think that this is an unlikely scenario for cervical carcinomas. For example, although it is widely believed that older women are prone to falsenegative and inadequate cytology screening (30) , it is not clear that the effect of aging on cytology is differential with respect to histopathologic type. Additionally, although the sensitivity for adenocarcinoma may have increased over time, we are aware of no data to suggest that the sensitivity for squamous cell carcinoma has decreased. Even if this were so, the opposing trends in sensitivity would have to be implausibly large to explain the 4.1% per year difference in the estimable longitudinal age trends ( Fig. 2A) , which reflect the sum of latent (but not identifiable) linear trends associated with age and period, respectively.
A study in Taiwan also reported distinct APC effects by histopathologic type (31) . In contrast, two European studies showed similar birth cohort effects for squamous cell and adenocarcinomas, suggesting homogeneous etiologies (32, 33) . Previous APC studies, however, mainly assessed the age, period, and cohort deviations. Notably, our results for the U.S. SEER population found the largest differences by contrasting the linear trends (i.e., net drifts and longitudinal age trends, P = 0), with smaller distinctions among the age, period, and/or cohort deviations. Further comparative APC studies across populations would be of interest to assess formally the heterogeneity.
As for most population-based registry studies, our analyses lacked information on individual risk factors, and had the potential of incomplete data collection. However, SEER rigorously assesses the quality and completeness of cancer information through Registry assessment, accountability, and education. Additionally, we did not take into account hysterectomy, removing women who have had a hysterectomy from our standard population would likely increase the incidence rates (34) . The potential role of hysterectomy as a confounding factor of trends merits further analysis.
Despite these potential limitations, our results are consistent with a growing body of evidence suggesting etiologic differences for squamous cell carcinomas and adenocarcinomas of the cervix. For example, although both squamous cell and adenocarcinomas are caused by HPV infections, the distribution of carcinogenic HPV genotypes responsible for each differ somewhat. HPV16 causes 50% to 60% and HPV18 causes another 15% to 20% of squamous cell carcinomas (35, 36) . By contrast, in adenocarcinoma, the prevalence of HPV16 and HPV18 are 33% and 37%, respectively (36) . Unlike for squamous cell carcinoma, virtually nothing is known about the physical state of the virus, viral integration, expression, and viral productivity (viral load), in adenocarcinoma and its precursors. HPV gene expression and virion production are linked to epithelial differentiation in the squamous tissue but how the virus propagates in the glandular tissue is largely unknown. Further studies are needed to characterize the mechanism by which HPV promotes cancer in the two cancer types.
There also is some preliminary evidence to suggest that patterns of epigenetic changes, specifically hypermethylation of CpG islands, differ between histopathologic types. A few reports also have found adenomatosis polyposis coli (APC; refs. 37, 38) A. Fitted age-at-onset curves for cervical squamous cell carcinoma and adenocarcinoma on a log-linear scale with 95% CIs. B. Age-specific temporal trends for squamous cell carcinomas (open symbols). C. Age-specific temporal trends for adenocarcinomas (closed symbols).
histopathologic type (41, 42) , but the two studies found different profiles of important distinguishing genes and there have been no follow-up, confirmatory studies.
Furthermore, secondary factors, HPV ''cofactors,'' may differ between squamous cell carcinoma and adenocarcinoma of the cervix. Although smoking has been consistently found to be associated with squamous cell carcinoma and its immediate precursor lesions (43) (44) (45) (46) , no association has been found with adenocarcinoma (2, 47, 48) . Similarly, there are reports of serologic evidence of Chlamydial infections being associated with squamous cell carcinoma (49) but not with adenocarcinoma (2, 50), perhaps suggesting that inflammation contributes to development of squamous cell carcinoma but not adenocarcinoma. In one study, obesity and body fat distribution were associated more strongly with adenocarcinoma than with squamous cell carcinoma (4), perhaps suggesting an interaction of glandular cells with hormonal factors. However, it is unclear whether hormonally related exposures (e.g., parity, oral contraceptive use, and hormone replacement therapy) differentially influence by cell type the risk of cervical cancer (2, 48, 51, 52) . Thus, the role of endogenous and exogenous hormonal factors and the risk of cancer by histopathologic type warrant further investigation.
In sum, our population data suggest that the two most common histopathologic types of cervical cancer are epidemiologically distinct despite the central role of HPV infection for both. Thus far, there is little insight into the mechanisms by which HPV and other risk factors contribute to distinct carcinogenic pathways. Our results suggest one possible model. Assuming that at least two genetic ''hits'' are required for both types, and assuming that HPV infection is often the first hit for both, subsequent events for squamous cell carcinoma may happen comparatively early in life, whereas those for adenocarcinoma happen comparatively late. Future analytic and clinical studies should consider the interaction (effect modification) of HPV infection and other cervical carcinoma risk factors by histopathologic type, time, and age.
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